Photon beam dosimetry using Kodak extended dose range (EDR2) radiographic film can provide accurate and high spatial resolution information especially for areas such as IMRT dosimetry where a higher dose level (100-400 cGy) is often required to be delivered for verification. For such dosimetry checks, it may sometimes be useful to place the film in a tank filled with water during irradiation. The effects of water on the film when packaged and when removed from the packaging have been examined. Results have shown that the EDR2 film when supplied in the ready pack form is provided in water proof packages and no significant absorption effects are observed or measured on the film even after 48 h of soaking in a water bath. When the film is removed from the ready packs and exposed to water directly, various effects are seen. In the visible spectrum region, small variations (up to 3%) in recorded optical density (OD) are recorded using a fluorescent light densitometer. These effects become much larger in the infrared region (e.g. 7.5% at 900 nm and 12.5% at 1000 nm) and are wavelength dependent. The changes produced by the water are relatively independent of the exposure time to water from 5 s up to 1 h or whether the water exposure occurred.
Introduction
Film dosimetry in radiotherapy can depend on many parameters. Some of these include the energy or beam quality of the irradiation beam (Johns and Cunningham 1983 , Yeo et al 1997 , Sykes et al 1999 , Kron et al 1998 , whether the exposure is performed parallel or perpendicular to the film (Suchowerska et al 1999 , 2001 , van Battum and Heijmen 1995 or the chemistry involved in the processing of the film (Khan 1992) . The visible and infrared absorption spectra of Kodak EDR2 film have been investigated to analyse the dosimetry characteristics of the film when influenced by the presence of water on the film surface. This has been performed before, during and after irradiation with x-rays to provide quantitative effects produced by water on the film. Historically, infrared light sources were commonly used for radiographic film densitometers to avoid interference with the room lighting (Metcalfe et al 1997) More recently, visible light densitometers have become more widely used (Mersseman and De Wagter 1998) partly due to the introduction of radiochromic film dosimetry in radiotherapy where the optimal light source required for dosimetry should lie in the 'red' region of the visible spectrum. Thus a visible light densitometer can be used for both applications. We investigate the influence of water on the optical density absorption characteristics of the film in the visible and infrared wavelength region from 400 nm to 1100 nm.
Materials and methods
Kodak extended dose range (EDR2) radiographic film was studied for effects of water on the visible and infrared absorption properties of radiographic film. The film was processed in a Kodak M35 X-Omat processor. The absorption spectra results were measured using a Shimadzu UV-160 UV-V-IR recording spectrophotometer. Its wavelength range is 300 nm to 1100 nm and has a spectral bandwidth of 3 nm with an accuracy of ±0.5 nm. Measurements were only made from 400 nm to 1100 nm to include the visible and infrared wavelengths. The film was held in a clear, quartz holding container which allows transmission of UV, visible and infrared radiation. Measurements were made in 10 nm intervals from 400 nm to 1100 nm. Experiments to measure the effects of water on film dosimetry were performed in various steps. First, EDR2 ready pack film was placed in water baths for various lengths of time from 1 min up to 48 h. Irradiations of 1 Gy and 2 Gy applied doses were given to the films, half prior to the water exposure and half after water exposure. The films were examined for optical density properties using the Vidar VXR-12 scanner and the Shimadzu photo spectrometer to measure any differences in optical density properties caused by the water bath. Secondly, EDR2 films were removed from their protective packets and directly soaked in room temperature (20) (21) (22) • C) water baths for periods of 5 s up to 1 h. This was performed before, during and after irradiation with high-energy photons. Optical density characteristics were measured to evaluate the effects of the water on film dosimetry. Note, the films that were exposed during irradiation were also soaked before and after irradiation due to the set-up and removal time of the film. To expose the film to water before irradiation, the films were taken out of their packaging and placed in the water bath in a dark room for the required length of time. They were then allowed to drip dry and placed back in the packaging and resealed with tape before irradiation in a solid water phantom to doses of 1 Gy and 2 Gy. Films that were exposed to water after irradiation were irradiated in their original packaging in solid water, then removed and soaked in the water bath before processing. Care was taken when inserting wet films into the automatic film processor to reduce the risk of pressure damage to the films. This was done by placing the film into the developer by hand. To do this, the processor was opened and the film hand fed into the developer tank. Table 1 shows results of the measured optical density versus 'soaking in water' time for EDR-2 radiographic film. The 35 cm × 43 cm film was soaked in room temperature in a water bath for the quoted time intervals fully submerged in the original ready pack envelopes. Following the water bath the films were irradiated with doses of 1 Gy and 2 Gy using 6 MV x-rays and a 10 cm × 10 cm field size. Results show that the presoaking of the film in the ready pack for up to 2 days before irradiation produces a negligible effect on the measured optical density of the irradiated film. Thus the ready pack film container can be considered waterproof in its original form. Upon close inspection of the ready pack film envelopes we noticed that most films examined seemed to be in an air-evacuated form, i.e. they were compressed with little if any air gaps within the packing materials. Six out of 100 films investigated however had notable air gaps or bubbles, i.e. small bubbles that could make a distinguished rise of 3-4 mm in the packaging over 1-2 cm 2 area. The seemingly waterproof container makes the EDR-2 film in this form ideal for dosimetry purposes in a water phantom environment. We would recommend though that the film ready pack is inspected for airtight sealing and that the recommended 3
Results and discussion
• tilt (Suchowerska et al 2001) to reduce the effects of parallel irradiation still be applied if radiation exposure is needed in a near parallel configuration.
In some cases for dosimetry it may be necessary to use the radiographic film in the environment of water and a protective coating cannot be applied. We have investigated the influence of water directly on the radiographic film before, during and after irradiation to assess the effects on the optical properties of the film after irradiation and processing. Table 2 shows the results for optical density of EDR-2 film which has been exposed to water for varying times before, during and after irradiation and compares the results to those of the film which has not been in contact with water (dry film). Results from table 2 indicate that the water does produce an effect on the optical density of the film as measured by a Vidar VXR-12 visible light densitometer. Results have shown that measured optical density for wet film is slightly smaller than dry film in the visible region where the Vidar scanner measures OD. This effect is relatively small, uniform and seems to be relatively independent of the time of the water exposure. That is 5 s exposure to water produces a very similar effect as in a 1 h exposure. There is only a statistically non-significant difference, an analysed by t-test between the films, which were soaked before, during or after irradiation. Thus the final results for optical density seem to be relatively independent of the time at which the water exposure occurred.
One important factor influencing the image production/optical density of the film when affected by water is the pressure applied to the film during automatic processing which can vary significantly as a result of water exposure. When the film has water on it, it can 'stick' a Note. During irradiation also includes before and after time which includes the set-up and removal time.
(due to increased adhesive and cohesive forces) to the film insertion tray. When this happens, the automatic mechanical rollers, which pull the film through the developer, fixer, etc. apply a high pressure on the film in an uneven manner. This pressure directly affects the film's optical characteristics leaving a series of dark and light marks on the film. To avoid the effects, in our case, the wet films were inserted by hand into the developer without touching the insert tray to avoid putting any pressure on the film. This was achieved easily by removing the processor's top cover and directly placing the film in the developer tank which then automatically feeds the film through the other sections for final development. As a magnetic switch interlocks the processor's cover, an override magnet is required to be placed over the switch to allow the processor to operate with the cover removed. Figure 1 (a) shows a typical optical density versus wavelength spectral analysis over a spectrum of wavelengths for two films that are unexposed to radiation. One film was soaked in water for a 5 min period and the other was kept dry. Results show that the spectral response of the unirradiated films is relatively unchanged by the influence of water. The absorption properties of the two films as well as the differences are shown. Figure 1(b) shows a typical result for both radiation exposed films (2 Gy applied dose). The wet film was soaked for a period of 5 min. Results show that both films produce a relatively similar response (2.7% difference) in the visible range (400-700 nm) on transmission readings. However beyond the 700 nm range the variations in optical density become quite apparent with the film, which has been exposed to water producing a larger OD at these wavelengths of readout. These results show that a visible light densitometer such as the Vidar VXR-12 scanner would show a smaller difference in OD for the films compared to an infrared densitometer. By comparison of the films we can see a change in the absorption characteristics especially in the infrared region. These changes do however seem to be similar for exposures up to 1 h in water and seems relatively independent of whether the exposure has occurred before, during or after irradiation. These factors may prove useful if dosimetry, using EDR-2 film is needed in a water environment. A calibration method may not be compromised by water exposure. That is, the experiment could be performed in water and the calibration films exposed in dry conditions and placed in a water bath before processing to provide an accurate comparison of dose to within ±3%. From these results we would recommend that visible light is a more appropriate readout method for films which are in wet and dry states, and further, that infrared wavelengths will produce a significant difference between the two, especially at the higher wavelengths, and thus should be avoided.
Conclusions
Ready pack EDR-2 films provide a waterproof dosimetry medium and have been tested for water penetration for up to 2 days. If the EDR 2 film gets wet a change in absorption properties occurs but this effect is relatively independent of the time of water exposure up to 1 h and whether the water exposure occurs before, during or after irradiation. However care must be taken when processing 'wet' film to avoid pressure effects damaging the film due cohesive and adhesive forces between the film and insertion trays in automatic processing units.
